Pax gene haploinsufficiency causes a variety of congenital defects. Renal-coloboma syndrome, resulting from mutations in Pax2, is characterized by kidney hypoplasia, optic nerve malformation, and hearing loss. Although this underscores the importance of Pax gene dosage in normal development, how differential levels of these transcriptional regulators affect cell differentiation and tissue morphogenesis is still poorly understood. We show that differential levels of zebrafish Pax2a and Pax8 modulate commitment and behavior in cells that eventually contribute to the otic vesicle and epibranchial placodes. Initially, a subset of epibranchial placode precursors lie lateral to otic precursors within a single Pax2a/8-positive domain; these cells subsequently move to segregate into distinct placodes. Using lineage-tracing and ablation analyses, we show that cells in the Pax2a/8+ domain become biased towards certain fates at the beginning of somitogenesis. Experiments involving either Pax2a overexpression or partial, combinatorial Pax2a and Pax8 loss of function reveal that high levels of Pax favor otic differentiation whereas low levels increase cell numbers in epibranchial ganglia. In addition, the Fgf and Wnt signaling pathways control Pax2a expression: Fgf is necessary to induce Pax2a, whereas Wnt instructs the high levels of Pax2a that favor otic differentiation. Our studies reveal the importance of Pax levels during sensory placode formation and provide a mechanism by which these levels are controlled.
INTRODUCTION
The sensory organs of the vertebrate head develop from discrete regions of neurogenic epithelium known as cranial placodes. Placodes are transient ectodermal thickenings situated lateral to the forming central nervous system (CNS) and neural crest.
Responding to extrinsic signals, cranial placode cells delaminate, migrate and condense to form diverse structures, including the otic vesicle and neurons of the cranial ganglia. The epibranchial (EB) placodes give rise to the EB ganglia, the facial, glossopharyngeal and vagal (also known as the geniculate, petrosal and nodose) ganglia that relay information from sensory organs to the CNS.
Cranial placodes are derived from the pan-placodal ectoderm (PPE) (Streit, 2004; Schlosser, 2005) , which develops during late gastrulation as a horseshoe-shaped region adjacent to the neural plate and lateral to the neural crest (Brugmann et al., 2004; Litsiou et al., 2005; Ahrens and Schlosser, 2005) . Once formed, the PPE is subdivided into distinct subdomains containing shared precursors for multiple placodes (Bailey et al., 2006; Schlosser, 2006) . Previous studies suggested that otic and EB placode precursors might arise from a common subdomain of the PPE, the posterior placodal area (PPA) (Schlosser and Ahrens, 2004; Ohyama and Groves, 2004; Sun et al., 2007; Freter et al., 2008) . However, one zebrafish study showed that glossopharyngeal and vagal (but not facial) placode precursors were induced from adjacent non-neural ectoderm by Fgf24 secreted from the PPA (Padanad and Riley, 2011) . Thus, it is unclear whether the PPA contributes cells to the EB placodes.
The PPA is delineated by and Pax8 expression at the onset of somitogenesis (Streit, 2002; Schlosser and Ahrens, 2004; Ohyama and Groves, 2004; Bouchard et al., 2004) with Pax8 and Pax2a acting redundantly in otic and EB placode development (Bouchard et al., 2004; Padanad and Riley, 2011) . Humans with PAX2 haploinsufficiencies exhibit renal hypoplasia, vesicoureteric reflux and optic nerve coloboma (Alur et al., 2010; Schimmenti, 2011) , whereas persistent expression of PAX2 causes a variety of cystic and dysplastic renal diseases (Cunliffe et al., 1998; Davis et al., 2011) . This implies that levels of this transcriptional regulator must be strictly controlled (Eccles et al., 2002) . However, whether different levels of Pax2a/8 play a role during sensory organ development is unknown.
Fgf and Wnt are both crucial during otic and EB placode induction. In zebrafish and chick, hindbrain-and mesodermderived Fgf signals act redundantly to induce EB placodes (Nechiporuk et al., 2006; Nikaido et al., 2007; Freter et al., 2008) and are required for initial otic placode induction. Attenuated Fgf signaling, coupled with increased hindbrain-derived Wnt8, subsequently leads to otic commitment and eventual inner ear patterning (Ohyama et al., 2006) . Although Wnt and Fgf signaling requirements for defining otic and EB fate have been demonstrated, it is unclear how these signals control Pax2a/8 expression during placode resolution.
We show that in zebrafish, as in mouse and chick, the otic placode arises from a Pax2a+ PPA precursor domain that also contributes to the EB placodes. Through loss-of-function and overexpression analyses, we find that relative Pax2a/8 expression levels correlate with distinct placodes: high Pax2a/8 levels promote otic differentiation whereas cells with low Pax2a/8 levels acquire an EB bias. We show that Wnt pathway activation promotes high levels of Pax2a expression, biasing PPA cells towards otic commitment. We propose that Wnt directs PPA cell segregation, in part, by altering Pax2a/8 expression levels.
MATERIALS AND METHODS

Fish strains, maintenance, BIO and heat-shock treatments
Zebrafish husbandry was performed as described (Westerfield, 2000) , and staging expressed in hours post-fertilization (hpf) (Kimmel et al., 1995) . The following lines were used in this study: *AB, Tg(pax2a:GFP) e1 (Picker et al., 2002) , TgBAC(phox2b:EGFP) w37 (Nechiporuk et al., 2006) , pax2a b593/+ (Erickson et al., 2007) , Tg(hsp70:ca-fgfr1) pd3 (Marques et al., 2008) , pd1 (Lee et al., 2005) , Tg(hsp70:tcf⌬C-EGFP) (Martin and Kimelman, 2012) and Tg(hsp70:dkk1-GFP) w32 (Stoick-Cooper et al., 2006) . Heterozygous pax2a b593/+ were used to generate homozygous offspring, identified by midbrain-hindbrain boundary loss. The GSK3-b inhibitor 6-bromoindirubin-3Ј-oxime (BIO; Sigma) was dissolved in DMSO at 10 mM and diluted to working concentrations in embryo medium. All heat-shock experiments were conducted at 10 hpf. Transgene expression (via EGFP reporter) was visible 45-60 minutes post heat-shock. Wild-type controls and heterozygous embryos obtained by outcrossing pd3 to *AB were heat-shocked between 36.9°C and 38°C for 45 minutes. Tg(hsp70:dnfgfr1-EGFP) pd1 were outcrossed to *AB and heat-shocked between 35°C and 37.2°C for 30 minutes. Tg(hsp70:⌬tcf-EGFP)/+ fish were crossed to wild type and heatshocked at 38°C or 39°C for 30 minutes. Tg(hsp70:dkk1-GFP) w32 /+ fish were incrossed and embryos were heat-shocked at 39°C for 40 minutes. Following heat-shock, GFP+ embryos were identified under epifluorescence; GFP-embryos were used as controls.
Fate-mapping experiments
For photoconversion or fluorescein uncaging, Tg(pax2a:GFP) e1 embryos were injected with 100 pg of NLS-Kaede mRNA, 250 pg of patagRFP mRNA (Subach et al., 2010) or 1 nl of 1.25% caged fluorescein (Invitrogen) in 0.2 M KCl. At 11.5 hpf, embryos were mounted and labeling performed using an FV1000 confocal microscope under a 60ϫ/NA 1.20 water objective (Olympus) using a small region of interest (ROI) in the Bleach function. Zoom was increased to 30ϫ and selected cells excited with a 405 nm laser at 0.1% output. Only embryos with labeling entirely contained within the Pax2a domain were analyzed. Kaede-expressing embryos were live-imaged at 24 hpf to locate converted cells. In fluorescein uncaging experiments, embryos were fixed in 4% paraformaldehyde in PBS at 24 hpf and assayed for Pax2a expression.
Whole-mount in situ hybridization and immunostaining
Immunostaining and in situ hybridization were performed as described (Andermann et al., 2002) . The following antibodies and riboprobes were used: anti-Pax2 (1:100, Covance), anti-GFP (1:1000, Invitrogen), antifluorescein (1:1000, Roche), anti-Elavl 3/4 (1:1000, Invitrogen; sold as anti-Hu C/D), anti-Dlx3b (1:100, Zirc), pax2a (Krauss et al., 1991) , pax8 (Pfeffer et al., 1998) , fgf3 (Kiefer et al., 1996) and fgf8 (Reifers et al., 1998) . It is unknown whether the Pax2 antibody recognizes both Pax2a and Pax2b paralogs; however, immunostaining mirrored pax2a mRNA distribution. Whole-mount confocal images were obtained using an FV1000 (Olympus). Brightfield images were acquired with an AxioImager Z1 compound microscope (Zeiss). Assembly of z-stack images, heat-map analysis and mean fluorescence intensity measurements were performed using ImageJ (Abramoff et al., 2004) . Comparisons of mean fluorescence intensities were carried out in parallel using the same dilution of anti-Pax2; confocal settings were consistent for each acquisition. Brightness and contrast were adjusted using Photoshop (Adobe).
Cellular ablations
Specific regions of the PPA in Tg(pax2a:GFP) e1 embryos were ablated at 11 hpf using previously described methods (Sagasti et al., 2009) . Following ablations, the entire PPA was imaged. Embryos were allowed to develop to 24 hpf then were fixed and immunostained for Pax2a.
Pax2a misexpression
A bi-directional heat-shock-inducible construct was modified to contain the pax2a coding sequence (or egfp as control) with a dTomato reporter (Bajoghli et al., 2004) . Each plasmid (20 pg) was injected into wild-type embryos, which were heat-shocked at 12 and 14 hpf at 38°C for 30 minutes.
Morpholino microinjections
The following antisense morpholino oligonucleotides (MO; Corvalis, OR, USA) were diluted to working concentrations in water and injected into TgBAC(phox2b:EGFP) w37 embryos: pax2a-MO (5Ј-ATATGGTGTCTCACCTATAGTGTGT-3Ј; gift from Joshua Waxman, Cincinnati Children' s Hospital, OH, USA), pax8E5/I5-MO+pax8E9/I9-MO (Hans et al., 2004) . Efficacy of pax2a-MO was assessed by RT-PCR using the following primers: pax2a-MO-F, 5Ј-GCAGAATACAAGCGG -CAAAATC-3Ј; pax2a-MO-R, 5Ј-CGTAAACTCTCCACACTACCC -TGAG-3Ј.
Transplantation experiments
Donor zygotes from Tg(hsp70:tcf⌬C-EGFP)/+X*AB crosses were injected with 10 kD rhodamine-dextran (Invitrogen) in 0.2 M KCl. Embryos were dechorinated and allowed to develop to sphere and shield stage for donors and wild-type hosts, respectively. Twenty donor cells were transplanted into the presumptive placodal domain of host embryos (Kozlowski et al., 1997) . Mosaic embryos were heat-shocked at 10 hpf at 39°C for 30 minutes, fixed at 24 hpf and immunostained for Pax2a and EGFP.
RESULTS
Pax2a-positive PPA precursors are spatially biased at the four-somite stage Previous studies indicate that the EB and otic placodes arise from a common domain, the PPA, consisting of Pax2/8-positive precursors (Bouchard et al., 2004) . However, a study in zebrafish showed that glossopharyngeal and vagal placode precursors arose from non-neural ectoderm lateral to the PPA (Padanad and Riley, 2011) . We investigated whether the PPA contained both EB placode and otic precursors and whether these populations were segregated or intermingled. To address this, we utilized a Tg(pax2a:GFP) e1 line with GFP driven by a 5.3 kb portion of the pax2a promoter (Picker et al., 2002) . By comparing expression of Tg(pax2a:GFP) e1 with Pax2a immunolabeling, we found that the transgene largely recapitulated endogenous early-stage Pax2a expression in the PPA. At 11 hpf, the transgene was expressed at low levels in a small population of cells lateral to the neural plate (data not shown). By 12 hpf, the GFP+ and Pax2a+ cells aggregated lateral to rhombomeres 5 and 6 (supplementary material Fig. S1A -AЉ and Movie 1). Whereas at 24 hpf the transgene was expressed in all otic vesicle cells, it marked only a small subset of Pax2a+ cells in the facial and glossopharyngeal/vagal placodes (supplementary material Fig. S1B-BЉ) . We concluded that the transgene contains necessary regulatory elements to mark PPA cells during early development, but is insufficient to drive GFP expression in most of the EB placodes.
We utilized early Tg(pax2a:GFP) e1 expression to mark specific cells within the PPA. Using a nuclear-localized Kaede protein (NLS-Kaede; 119 out of 139 specimens) or caged fluoresceindextran (20 of 139), small groups of cells were labeled in discrete regions of the PPA (Fig. 1A,C) . The initial location of the cells at 12 hpf was recorded and assigned to one of 12 domains (Fig. 1E) . Importantly, we saw little variability in either cell number or dimensions of the GFP+ domain (107.8±7.2 cells; n 11; 1186 cells in total), indicating consistency of this domain between labeled embryos (supplementary material Fig. S1C,D) . Additionally, few cells were added to this domain after 12 hpf (data not shown), which imparted little variation between labeled embryos. This is in contrast to a previous study suggesting that additional cells are recruited to this domain after 12 hpf (Bhat and Riley, 2011) . This difference could be attributed to the more sensitive confocal detection technique used in our study, which allowed visualization of the most lateral, low-expressing Tg(pax2a:GFP) e1 + cells as early as 12 hpf. At 24 hpf, the fate of labeled cells was determined based on morphology and location of Kaede-labeled cells, and on Pax2a antibody labeling for fluorescein-positive cells (Fig. 1B,D) .
The resulting fate map revealed a strong spatial bias within the PPA at 12 hpf. The subdomains of the PPA that contributed to the facial and glossopharyngeal/vagal placodes exhibited minimal overlap and corresponded to their respective anterior or posterior locations (Fig. 1E ), suggesting that a subset of cells from the PPA contribute to the EB placodes (22 out of 139 labeling events).
In contrast to the spatial bias observed for the EB placode precursors, cells contributing to the otic vesicle were distributed throughout the Pax2a domain. However, anterolateral labeling events were more likely to label the acoustic (gVIII) and anterior lateral line (gAll) ganglia whereas posteromedial labeling marked the otic vesicle (Fig. 1F ). We never observed labeled cells in the posterior lateral line ganglion. We found that otic vesicle patterning is based on the initial location of precursor cells in the PPA: cells from the anterior PPA preferentially segregated to the anterolateral otic vesicle (supplementary material Fig. S2A -C) whereas cells from the posterior and posteromedial regions were distributed throughout the posterior and posteromedial aspects (supplementary material Fig. S2C -E). The bias of anterior contributions to the anterolateral otic vesicle is consistent with previous observations indicating that the anterior neurogenic region is established prior to otic placode formation (Abello et al., 2010) .
Our fate-mapping experiments indicated that most PPA cells did not undergo extensive rearrangements after 12 hpf; however, a subset can contribute to more distal locations (e.g. anterior PPA cells contributed to the otic vesicle; Fig. 1F ). To visualize this, we labeled small clusters of PPA cells at 12 hpf and analyzed their behavior using live imaging (supplementary material Movies 2, 3). These analyses confirmed that although PPA cells generally retained their anteroposterior (A-P) position, cells occasionally exhibited extensive movement (supplementary material Movie 2). Cells not incorporated into the otic vesicle were also found migrating towards EB placodes (supplementary material Movie 3).
Our fate-mapping data support the assertion that not all cells of the EB placodes arise from the PPA (Padanad and Riley, 2011) . However, a subset of the PPA contributes to the EB placodes; at 12 hpf, these cells exhibited a spatial bias for EB placode precursors. In addition, the bulk of the otic vesicle arises from the posteriomedial regions of the PPA, with anterior regions contributing to the neurogenic anterolateral portion of the otic vesicle and the gAll/gVIII.
Cells of the Pax2a domain are required for normal development of the epibranchial and otic placodes Our fate-mapping data demonstrated spatial restriction within the PPA by 12 hpf. To confirm this, we unilaterally ablated different regions of the PPA in 12 hpf transgenic Tg(pax2a:GFP) e1 embryos. Embryos were then immunostained for Pax2a at 24 hpf to visualize EB placodes and otic vesicles on the ablated and unablated (contralateral) sides. Ablating the anterior PPA yielded dramatic without affecting the otic vesicle or glossopharyngeal/vagal placodes. Conversely, ablating the posterior PPA resulted in a near-complete loss of the otic vesicle and a marked reduction in the glossopharyngeal/vagal placodes whereas the facial placode was unaffected (Fig. 2B,E,F) . Thus, consistent with our fate-map, cells exhibit co-linearity between their initial positions in the PPA and their destinations within resolved placodes.
Differential levels of Pax2a expression in the PPA As the PPA is defined by the expression of Pax2a, we investigated next whether different levels of Pax2a affect differentiation of the otic and EB placodes. At 11 hpf, PPA cells exhibited low and uniform levels of Pax2a (Fig. 3A,AЈ) . However, by 12 hpf, Pax2a+ progenitors had assumed different expression levels with a significant increase in the number of high-expressing cells in the posteromedial region (Fig. 3B,BЈ,D) . These differential levels of Pax2a persisted in PPA-derived structures; cells in the EB placodes expressed Pax2a at low levels, whereas the otic vesicle expressed Pax2a at high levels in the medial-most aspect and at lower levels in the lateral-most aspect (Fig. 3C,CЈ) . We also observed differential levels of pax2a mRNA that mirrored differential protein levels in PPA cells at 12 hpf and in the otic vesicle and EB placodes at 24 hpf, indicating that differences in Pax2a protein originate at the transcriptional level (supplementary material Fig. S3A-C) .
Another Pax gene, pax8, has been described as functionally redundant to pax2a during otic and EB placode formation (Padanad and Riley, 2011) . Unfortunately, levels of Pax8 protein cannot be 2743 RESEARCH ARTICLE Pax2/8 levels in sensory placode examined owing to the lack of a zebrafish-compatible antibody. pax8 transcripts are seen in zebrafish as early as 8 hpf in presumptive PPA (Pfeffer et al., 1998) . We found that pax8 expression was discernable in the PPA at 11 and 12 hpf as well as in EB placodes and discrete foci of the otic vesicle at 24 hpf (supplementary material Fig. S3D-F) . Thus, like pax2a, levels of pax8 transcripts were also differentially regulated in PPA cells. These observations suggest that heterogeneous levels of Pax2a and Pax8 expression might reflect early cell biases towards specific placodal destinations.
High levels of Pax2a instruct an otic placode bias Because Pax2a expression levels correlate with PPA cell identity, we investigated whether overexpression or reduction of Pax2a would alter precursor commitment or differentiation. We conducted overexpression experiments using a bi-directional heat-shockinducible promoter driving Pax2a (or EGFP control) in one direction and the dTomato reporter in the other. DNA was injected into wild-type embryos followed by heat-shock at 12 and 14 hpf, resulting in mosaic expression. The construct induced Pax2a expression comparable to high endogenous levels; 96% of cells that . S4 ). Induced Pax2a was quickly turned over and was undetectable in most dTomato+ cells by 24 hpf (Fig. 4B) ; at this stage, we assessed relative numbers of dTomato+ cells in the EB placodes and otic vesicle (Fig. 4A,B) . Following induction at 12 hpf and 14 hpf, 57% and 65% of dTomato+ cells contributed to the ear versus 44% and 45% in control embryos, respectively (Fig. 4C) . There was also a significant decrease in facial placode cell contribution in Pax2a overexpression embryos (11% and 10% versus 20% and 17% in controls). We also observed a significant progressive decrease in cells populating the glossopharyngeal/vagal placodes in both induction conditions (controls: 36% and 38%; Pax2a overexpression: 32% and 25%; Fig. 4C ). To examine this bias, we used live imaging to follow Pax2a-overexpressing cells in Tg(pax2a:GFP) e1 embryos. We observed that Pax2a+ overexpressing cells from the lateral non-neural ectoderm moved medially to join the forming otic vesicle; dTomato+ cells that did
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Development 139 (15) not integrate died off more frequently versus GFP+ controls (supplementary material Movies 4, 5). These data indicate that high levels of Pax2a alter cell behavior resulting in preferential segregation to the otic placode versus the EB placodes.
Partial knockdown of pax transcripts increases cell numbers in the epibranchial ganglia We posited that if raising levels of Pax2a biases precursor cells towards otic commitment, reducing Pax2a levels might affect commitment or differentiation of PPA cells to EB placodes. Previous studies indicate that both Pax2a and Pax8 are required during otic and EB placode development (Padanad and Riley, 2011) . However, whether differential levels of these factors bias cell commitment is unknown. Injection of 1 ng of pax8 morpholino (pax8-MO) into zygotes from a heterozygous pax2a+/-incross resulted in severe reductions or absence of EB ganglia (supplementary material Fig. S5A ,B) in ~25% of progeny, supporting gene redundancy during EB development. We subsequently examined the effect of partial combinatorial reductions in Pax2a and Pax8 on the otic vesicle and EB ganglia.
The pax8-MO used in our studies was characterized previously (Hans et al., 2004) . Doses of pax2a splice-blocking MO that yield partial knockdown were estimated based on Pax2a expression levels in the PPA at 12 hpf using RT-PCR (supplementary material Fig. S6 and Fig. S5I ). Injections of partial knockdown concentrations of pax2a-MO (3.0 ng) into wild-type embryos markedly reduced levels of Pax2a in the PPA versus controls at 12 hpf. Transgenic zygotes were injected with either pax2a-MO or pax8-MO alone, or in combination at increasing concentrations. The numbers of cells in the forming cranial ganglia were quantified at 50 hpf using TgBAC(phox2b:EGFP) w37 expression (Nechiporuk et al., 2006) . Suboptimal concentrations of individual pax morpholinos alone yielded no change in cranial ganglion cell numbers versus controls (supplementary material Fig. S5 ). However, when partial knockdown concentrations were coinjected, we saw a significant increase in the numbers of Phox2b+ neurons in the facial, glossopharyngeal and anteriormost small vagal ganglia. As dosages increased, ganglion sizes decreased (Fig.  5A-C) , indicating loss of precursor differentiation (Padanad and Riley, 2011) . We also observed a concomitant reduction (albeit not statistically significant) in the size of the otic vesicle (Fig. 5D) . Therefore, relative levels of Pax2a/8 expression instruct cell commitment during subsequent placode segregation, with low levels favoring EB placode differentiation and higher levels favoring otic differentiation.
Fgf regulates the number of Pax2a-positive progenitors but does not control levels of Pax2a
Previous studies demonstrated that Fgf signaling was necessary for Pax2 expression to initiate otic and EB development (Ladher et al., 2010) ; however, Fgf must be attenuated during later stages for continued otic development (Freter et al., 2008) . We investigated whether similar Fgf signaling requirements exist in zebrafish and whether Fgf levels bias PPA cell behavior. We examined Pax2a expression in transgenic embryos carrying Tg(hsp70:ca-fgfr1), a heat-shock-inducible form of constitutively active Fgfr1 (Marques et al., 2008) . The transgene was differentially induced using a range of heat-shock temperatures (36.9-38°C). Transgenic embryos were heat-shocked at 10 hpf and Pax2a expression analyzed at 24 hpf (supplementary material Fig. S7A,B) . At the highest heat-shock induction temperature, Pax2a+ cell numbers increased more than threefold in the facial placode, whereas Pax2a+ cell numbers in the otic vesicle and the glossopharyngeal/vagal placodes decreased significantly (supplementary material Fig. S7D ). Examination of intermediate stages (12-18 hpf) and time-lapse imaging of Tg(pax2a:GFP) e1 revealed that Pax2a+ cells were continuously generated from non-neural ectoderm lateral to the PPA between 14 and 18 hpf in induced Tg(hsp70:ca-fgfr1) embryos, but not in wildtype controls (supplementary material Movies 1, 6). Increased facial placode size is probably explained by this dramatic increase in Pax2a+ precursors and not higher proliferation levels (supplementary material Fig. S7F) .
Consistent with the live imaging and previous studies (Hans et al., 2007; Padanad et al., 2012) , the overall number of otic cells (as measured by Dlx3b expression) increased at 18 hpf following Tg(hsp70:ca-fgfr1) induction, although these cells appeared to be more dispersed than in controls (supplementary material Fig. S8A,C) . This increase in cell number was also accompanied by a significant increase in apoptosis after 18 hpf (supplementary material Fig. S7G ), which accounts for smaller otic vesicles in Tg(hsp70:ca-fgfr1) embryos at 24 hpf. However, we cannot rule out the possibility that the observed increase in cell death was due to persistently high levels of transgene expression. In summary, our data indicate that high levels of Fgf activity favor the formation of facial and otic, but not glossopharyngeal/vagal, placodes.
We also conditionally inhibited Fgf signaling using Tg(hsp70:dnfgfr1-EGFP): a heat-shock-inducible dominant-negative form of Fgfr1 (Lee et al., 2005) . The transgene was induced at 10 hpf using a range of heat-shock conditions (35-37.2°C) and Pax2a expression was analyzed at 24 hpf (supplementary material Fig.  S7A,C) . Here, the facial placode was severely reduced or completely absent, and the glossopharyngeal/vagal placodes failed to form. At higher induction temperatures, the otic vesicle was severely reduced (supplementary material Fig. S7E ), confirming a requirement for Fgf during placode formation.
We then investigated whether modulating Fgf alters otic vesicle and EB placode size via Pax2a. Tg(hsp70:dnfgfr1-EGFP) and Tg(hsp70:ca-fgfr1) embryos were heat-shocked at 10 hpf at 36.3°C and 37.°C, respectively, and levels of Pax2a expression were analyzed at 12 hpf (supplementary material Fig. S7N ). We found that the distribution of Pax2a intensity levels were similar between experimental conditions and control. We conclude that Fgf signaling is sufficient to induce Pax2a+ precursors from non-neural ectoderm and that persistent Fgf favors formation of the facial and otic placode, but not glossopharyngeal/vagal placodes. However, Fgf does not establish heterogeneous Pax2a levels in PPA progenitors.
Overactivation of Wnt biases PPA cells to an otic commitment Studies in chick, Xenopus and mouse demonstrated that canonical Wnt activation is required to restrict a subset of posteromedial PPE cells to an otic fate (Freter et al., 2008; Park and Saint-Jeannet, 2008; Ohyama et al., 2006) . Based on this and our observation that high-expressing Pax2a cells segregate to the otic placode, we hypothesized that Wnt might influence otic differentiation by inducing high levels of Pax2a within the PPA. To test this, embryos were treated from 11 hpf with BIO, which inhibits GSK3-bmediated degradation of b-catenin, thereby overactivating canonical Wnt signaling (Sato et al., 2003) . At 12 hpf, we observed dramatic Pax2a level increases in treated embryos (Fig. 6A-C) . These increases were dose dependent, with average fluorescence intensities of 107.1 and 151.6 for 2.5 and 5.0 mM BIO conditions, 2745 RESEARCH ARTICLE Pax2/8 levels in sensory placode respectively (88.4 for control). The proportion of PPA cells expressing high levels of Pax2a increased in the presence of 5.0 mM BIO (P<0.001, c 2 -test; Fig. 6G ). Pax2a expression analyses at 24 hpf revealed dramatic increases in otic vesicle Pax2a+ cell numbers (2.5-fold increase for 2.5 mM BIO and 1.5-fold increase for 5.0 mM BIO), with a concomitant 80% reduction in the facial placode at 2.5 mM BIO (Fig. 6D-F,I ). At 5.0 mM BIO, the otic vesicle was enlarged and the EB placodes completely absent. The increase in otic cells correlated with higher Pax2a expression levels in the otic vesicle (Fig. 6H) . Loss of EB placodes was not due to developmental delay, as EB ganglia were either severely reduced or completely absent at 50 hpf in TgBAC(phox2b:EGFP) embryos treated with BIO between 11 and 24 hpf (supplementary material Fig. S9 ). Importantly, BIO-induced effects were specific to the canonical Wnt pathway, as these phenotypes were lost when the Wnt pathway was blocked downstream of GSK3-b via Tg(hsp70:tcf⌬C-EGFP) activation (Martin and Kimelman, 2012) (supplementary material Fig. S10) .
Next, we endeavored to determine the cellular bases of the BIOinduced phenotype. Cell proliferation was not responsible for increased Dlx3b+ otic progenitors ( Fig. 6J; supplementary material  Fig. S8B,E) , whereas the decrease in EB placodal progenitors was not due to increased cell death (Fig. 6K) . Live imaging of Tg(pax2a:GFP) e1 embryos treated with BIO between 11 and 24 hpf revealed that anterior PPA cells failed to move rostrally, remaining in the presumptive otic region (supplementary material Movie 7). This demonstrates that Wnt activation alters PPA cell behavior towards otic differentiation, possibly through high levels of Pax2a expression.
Inhibition of Wnt signaling reduces Pax2a expression levels and favors formation of the facial placode We determined next whether inhibiting the canonical Wnt pathway affects Pax2a levels and PPA progenitor cell behavior. We used Tg(hsp70:tcf⌬C-EGFP), a heat-shock-inducible dominant-negative form of the Wnt effector Tcf3 fused to EGFP (Martin and Kimelman, 2012) . We heat-shocked transgenic embryos for 30 minutes at 38°C or 39°C at 10 hpf, using EGFP-negative siblings as controls. At 12 hpf, with Wnt signaling loss, we observed dosedependent decreases in PPA Pax2a expression levels (c 2 -test, P<0.001; Fig. 7A-C,G) . The otic vesicle was dramatically reduced by 24 hpf, with significant concomitant facial placode expansion ( Fig. 7D-F) . We measured Pax2a protein levels in the otic placode and observed decreases of 63% at 38°C and 75% at 39°C (Student' s t-test: P<0.0033, P<0.0017, respectively; Fig. 7H ). We also observed fewer Pax2a-expressing cells in the otic placode in both conditions: 75% and 91% reductions (P<<0.001) with concurrent 1.4-and 2.5-fold increases (P<0.05, P<0.005, respectively) in facial placodes (Fig. 7I) . The glossopharyngeal/vagal placode was reduced significantly under both conditions (71% reduction; Fig. 7I ). These effects were recapitulated by the conditional induction of the Wnt antagonist Dkk1 using the Tg(hsp70:dkk1-GFP) line (supplementary material Fig. S11 ). Wnt signaling loss did not alter levels of cell proliferation or cell death in the otic/EB precursors (Fig. 7J,K) . Interestingly, we observed a more modest reduction in Dlx3b+ otic cells (25%) versus Pax2a+ cells (61%) at 18 hpf, confirming that a subset of otic vesicle cells either do not express Pax2a or express Pax2a at low levels (supplementary material Fig.  S8D,E) . These results indicate that the absence of Wnt signaling promotes low Pax2a levels in the PPA and favors facial placodal development; conversely, high levels of Wnt signaling induce high Pax2a levels and promote otic development.
Wnt activation is cell-autonomously required for otic development Wnt regulation of Pax2a in the PPA may be direct or indirect. Direct activation of Wnt signaling leads to otic commitment in chick and mouse (Freter et al., 2008; Ohyama et al., 2006) . However, a previous zebrafish study suggested that canonical Wnt signaling does not directly affect otic development; rather, Wnt maintains hindbrain expression of fgf3 and fgf8, both of which are required for otic induction (Phillips et al., 2004) . However, in our hands, modulating Wnt activity did not disrupt fgf3/8 expression in the hindbrain (supplementary material Fig. S12 ). To explore further whether intracellular Wnt activity drives high levels of Pax2a expression and subsequent otic commitment, we employed the Tg(hsp70:tcf⌬C-EGFP) line to perform mosaic analyses. A small number of Tg(hsp70:tcf⌬C-EGFP)+ (or wild-type) donor cells were transplanted into wild-type hosts. Mosaic embryos were heatshocked at 10 hpf and Pax2a expression examined at 24 hpf (Fig.  8) . We reasoned that if intracellular activation of the Wnt pathway is required for otic development, then PPA cells deficient for Wnt activity (Tcf⌬C-EGFP+ cells) should be excluded from the otic vesicle. Indeed, the vast majority of Tg(hsp70:tcf⌬C-EGFP)+ donor cells (92%) contributed to the EB placodes (Fig. 8B-D) versus 42% in controls (c 2 -test: P<<0.001; Fig. 8A,D) . Interestingly, although very few Tg(hsp70:tcf⌬C-EGFP)+ donor cells were found in the otic vesicle, a substantial number of donor 2747 RESEARCH ARTICLE Pax2/8 levels in sensory placode cells contributed to the presumptive gAll/gVIII (Fig. 8C,D) . These data reveal a cell-autonomous requirement for Wnt signaling in PPA cells for otic development.
DISCUSSION
Our study, in context with previous work, suggests a new model for the patterning of the PPA into distinct placodes. During early somitogenesis, Fgf signals from the neural tube and head mesoderm promote formation of the multipotent Pax2a/8-positive PPA domain that gives rise to the otic placode and contributes cells to EB placodes. Shortly after the PPA is specified, Wnt signaling from the neural tube promotes otic commitment in the posteromedial PPA, potentially by driving high levels of Pax2a/8 expression. We speculate that, in parallel with other factors, these differential levels of Pax2a/8 modulate cellular behaviors that contribute to segregation and subsequent morphogenesis of otic or EB progenitors. Signals from the PPA, including Fgf24 for glossopharyngeal/vagal placodes (Padanad and Riley, 2011) and an unknown signal for the facial placode, induce additional EB placode cells from non-neural ectoderm.
PPA cell segregation is biased during early somitogenesis Our fate-mapping and ablation experiments show that only a subset of PPA cells contribute to EB placodes; however, PPA formation is required for proper EB placode induction. Fate mapping indicated that EB placode precursors within the PPA are axially restricted, corresponding to the future anteroposterior position of their respective placodes. However, only 16% of labeling events marked EB placodes, indicating a limited contribution of the PPA to the EB placodes. Live-imaging experiments revealed that PPA contribution to EB placodes was limited (supplementary material Movie 3). By contrast, labeling large regions of non-neural ectoderm immediately adjacent to the PPA resulted in labeling within both EB placodes and intervening ectoderm (data not shown), supporting the notion that additional EB placode contributors are derived through induction from the non-neural ectoderm. Recent work showed that PPAderived Fgf24 signals to the lateral ectoderm were required to induce glossopharyngeal/vagal placodal precursors (Padanad and Riley, 2011) . This is reiterated by our ablation experiments, as loss of the posterior PPA yielded a marked reduction in the glossopharyngeal/vagal placodes. Interestingly, ablation of the anterior PPA led to near-complete loss of the facial placode, indicating that other PPA-derived signals are required for facial placode formation. Our present and previous work suggest that this signal is an Fgf, as inhibition of Fgf receptor activity between 11.5 and 16 hpf completely blocked formation of the facial placode without affecting the otic placode (Nechiporuk et al., 2006) .
Unlike EB placode precursors, otic vesicle precursors are found throughout the Pax2a domain. However, labeling posteromedial regions resulted in contributions throughout the otic vesicle, whereas labeling of anterolateral regions yielded a majority of labeled cells within the anterolateral side of the otic vesicle, a neurogenic region that gives rise to the acoustic ganglion (Bricaud and Collazo, 2006) . Consistent with our fate mapping, posterior PPA ablation yields nearcomplete loss of the otic vesicle, indicating that most otic precursors lie in the posterior region of this domain. By contrast, previous work in chick indicated extensive cell mixing of otic and EB precursors; however, the labeling was performed at earlier embryonic stages (3 somites and earlier vs 5-6 somites in the present study) and much larger regions of ectoderm were labeled using DiI or DiO dyes (Streit, 2002) . A more recent study in frog indicated that hpf following heat-shock of Tg(hsp70:tcf⌬C-EGFP) embryos at 10 hpf was unchanged versus uninduced controls (n 12 embryos per condition). (K) There is no significant change in Caspase-3+ cell percentage at 18 hpf following heat-shock of Tg(hsp70:tcf⌬C-EGFP) embryos at 10 hpf (n 12 embryos per condition). Error bars represent s.e.m. f, facial placode; g+v, glossopharyngeal/vagal placodes; MGV, mean gray value; ov, otic vesicle. Scale bars: 50 mm.
progressively less cell mixing occurred between the otic and EB precursors when they were labeled at later developmental stages (Pieper et al., 2011) . The anterolateral-posteromedial bias suggests that positional information (perhaps a morphogen gradient) confers otic fates. Reinforcing this idea, it has been shown that Fgf3 determines anterior otic characteristics whereas Hedgehog (Hh) defines lateral/posterior identity (Hammond et al., 2010; Hammond and Whitfield, 2011) . Other factors subsequently assign neurogenic fate to anterior PPA cells. This is consistent with chick studies showing that Fgf8 expression is sufficient to induce PPA expression of Sox3, a key factor in specifying the neurogenic region of the otic placode (Abello et al., 2010) .
Pax2a levels regulate PPA cell behavior Through loss-and gain-of-function experiments, we determined that changes in Pax2a and Pax8 levels influence otic and EB precursor segregation. Importantly, the PPA can form in the RESEARCH ARTICLE Development 139 (15) absence of Pax2a/8 activity, as previous studies showed that pax2a transcript was expressed in the PPA of Pax2a mutants injected with pax8 morpholino (Hans et al., 2004; Mackereth et al., 2005) . Thus, differential levels of Pax2a/8 probably affect cellular behavior/differentiation after the PPA is specified. Modulation of Pax2a/8 levels lead to modest (but statistically significant) changes in otic and EB segregation. We attribute these to several factors. First, during Pax2a overexpression experiments, only a subset of transgenic cells were able to intercalate within the otic vesicle, whereas the remainder of high-expressing Pax2a cells underwent cell death. Second, the partial depletion experiments led to a 20-30% increase in EB ganglia, consistent with the limited contribution of the PPA to the EB domain. It is notable that the otic vesicle was composed of both high (medial) and low (lateral) Pax2a-expressing cells, suggesting that other factor(s), in addition to Pax2a/8, contribute to segregation of otic and EB precursors in the PPA. In summary, although Pax2a/8 levels clearly influence commitment/differentiation of cells within the otic or EB domain, further experiments are needed to determine how Pax2a/8 levels modulate cellular behaviors of the PPA.
Roles of Fgf and Wnt pathways in regulating Pax2a expression
Our previous study demonstrated that Fgf signaling is necessary to induce Pax2a in PPA cells (Nechiporuk et al., 2006) . Corroborating this idea, we observed that Fgf could impart placodal identity to non-neural ectoderm by inducing Pax2a expression. Wnt can subsequently act upon these cells to induce high Pax2a (and possibly Pax8) expression levels, thereby influencing cellular behavior. Surprisingly, not all EB placodes exhibited the same responses to modulating Fgf and Wnt signaling pathways. We observed that the number of Pax2a+ cells contributing to the facial placode related directly to levels of Fgf signaling, whereas increased Wnt activity resulted in facial placode loss. However, a measurable reduction of the glossopharyngeal/vagal placodes was seen under both of these conditions. The reduction following decreased Wnt activity might be secondary to otic domain reductions (fewer Pax2a+ and Dlx3a+ otic cells); this would lead to a drop in the Fgf24 signaling necessary for posterior EB placode formation. Reinforcing this idea, we observed that absence or low levels of intracellular Wnt did not prevent cells from contributing to glossopharyngeal/vagal placodes in mosaic embryos, as Tg(hsp70:tcf⌬C-EGFP)+ donor cells readily contributed to the these placodes.
Our mosaic experiments showed that, in contrast to previous work (Phillips et al., 2004) , Wnt signaling is directly activated in a subpopulation of the PPA to drive high levels of Pax2a expression, biasing these cells to otic vesicle formation. Wnt is also a demonstrated dorsalizing signal during otic placode morphogenesis (Ohyama et al., 2006) . Indeed, when Wnt signaling was overactivated using the BIO inhibitor, otic vesicle cells became supernumerary, and all expressed high levels of Pax2a. Furthermore, mediolateral extension of the otic vesicle was expanded versus activated Fgf and wild types.
Conclusions
Our studies show that relative levels of Pax2a/8 can influence placode segregation and tissue morphogenesis. The actions of Pax2a during these processes are regulated by extrinsic factors, Wnt and Fgf, in order to achieve the temporal and spatial resolution necessary for proper sensory structure formation. Differential levels and ten wild-type transplants, respectively; c RESEARCH ARTICLE Pax2/8 levels in sensory placode of crucial transcription factors could play vital roles in other biological processes, such as cell commitment decisions, organ patterning and tumorigenesis.
